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Abstract 

The ages of globular clusters inferred from observations depends sensitively on assump- 

tions like the initial helium abundance and the mass loss rate. A high helium abundance 

(e.g., Y ~0.28) or a mass loss rate of ~lO-“A4~ yr-’ near the main sequence turn-off region 

lowers the current age estimate from 14 Gyr to about lo-12 Gyr, significantly relaxing the 

constraints on the Hubble constant, allowing values as high as 60km/sec/Mpc for a universe 

with the critical density and SOkm/sec/Mpc for a baryon-only universe. Possible mecha- 

nisms for the helium enhancement in globular clusters are discussed, <as are arguments for 

an instability strip induced mass loss near the turn-off. Ages lower than 10 Gyr are not 

possible even with the operation of both of these mechanisms unless the initial helium a.bun- 

dance in globular clusters is > 0.30, which would conflict with indirect measurements of 

helium abundances in globu1a.r clusters. 
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I. INTRODUCTION 

Tllc htest estimate of the age of globular clusters (KS) ’ : .I IS cl 1out 1-I c:y \vi th a11 S]“T”d 

of different clusters of about f2 G\;r [I]. This severely constrains H,, the Hubble constant, 

for a A (the vacuum energy density) =0 Friedman-Robertson-Walker cosmology. For 0 

(the ratio of the density of the universe to the critical clensit,y)= 1, the Hubble constant 

Ho must be less than 45km/sec/Mpc [l]; while for a baryonic universe where 0.01/h2 < 

R < 0.015/h2 (with h = Ho/lOOkm/sec/Mp ) c as constrained by Big Bang Nucleosynthesis 

[a], Ho 5 70km/sec/Mpc. C urrently dynamic measurements of the density of the universe 

favor R > 0.3 [3], which yields Ho 5 58 km/sec/Mpc. Direct measurements of the Hubble 

constant, however, yield values that range widely from 40km/sec/Mpc to 100 km/sec/Mpc 

Nl* 

A reconcilation of the direct measurement of the Hubble constant and that inferred from 

the age of the globular clusters may well require not only improvements of the distance scale 

systematics but also continued investigation of the assumptions implicit in the inferred age 

of globular clusters. 

It is noted that the estimate of the age depends sensitively on many uncertainties of glob- 

ular clusters, such as the actual turn-off luminosity (distance) determination, the metallicity, 

the oxygen to iron ratio, the helium diffusion in stars, and the initial helium abundance. To 

this we add the uncertainty due to an unobservable low mass loss rate inferred from lithium 

observations of stars. The uncertainties of the turn-off luminosity, the metallicity and the 

oxygen to iron ratio have been widely discussed in the literature [5-71, and has been included 

in the current age estimate of 14 f 2 Gyr [l]. Th e h 1 e ium diffusion in stars is a.lso estimated 

to lower the age of GCs by 5%-15% [S-lo]. U ncertainties in the initial helium abundance 

and the mass loss rate of stars near the turn-off point, however, have not been thoroughly 

discussed, and a full consideration of them may significantly influence the age estimate. 



II. AGE DATING OF GLOBULAR CLUSTERS 

Two il~et~liocls are commoul?; used to estima.te the age of a globular cluster (see rev%\ 

of ref. [II]). 0 ne is to fit theoretical isochrones (temperature-luminosity curves for stars at 

certain ages) to the shape of a globular cluster on the observed color-magnitude diagram, 

using a distance modulus determined from fitting either a zero age main sequence (ZAMS) 

or a zero age horizontal branch (ZAHB). It is also necessary to transform a luminosity- 

temperature diagram of a theoretical calculation to a color-magnitude diagram with an 

interstellar reddening correction [7]. B esi d es of the uncertainties mentioned in the introduc- 

tion, this method is very sensitive to the transformation between the luminosity-temperature 

diagram and the color-magnitude diagram, the fudicial sequence of globular clusters ex- 

tracted from their scattered color-magnitude diagram, the subjectivity in fitting isochrones 

to the fiducial sequence, and the effectiveness of a constant mixing length in describing the 

convection. It also depends sensitively on the adopted interstellar reddening if using ZAMS 

fitting to obtain distances. 

The difficulty in improving the fitting method lies mainly in the fact that the color of 

both observed GCs and theoretical isochrones on the color-magnitude diagram is hard to 

determine precisely. The color of observed GCs depends on the interstellar reddening which 

can be very uncertain; while the color of isochrones is sensitive to the treatment of convection 

in stellar models. Figure 1 shows isochrones with similar parameters but different mixing 

lengths (parametrized by CY, the ratio of the mixing length to the scale height of pressure) 

in the convection zone. The color shift due to a different choice of cr is especially prominent 

on the upper subgiant and the red giant branch of isochrones. Although the uncertainty in 

choosing different mixing lengths may be partially resolved by calibrations of ZAMS stars 

[123, it still p ersists since mixing lengths may change in different evolution phases, such a,s 

the subgiant branch and the red giant branch. 

A more relkble method is to relate the a.ge with the turn-off luminosity of a GC, re- 

gardless of its detailed morphology. The turn-off 1uminosit.y is obtained from the calibra,tecl 
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visual magnitude of RR Lyrae stars on the horizontal branch (FIB) and the observed vi- 

sua.1 magnitude differences between R.R. Lyra.e sta.rs and main-sequence turn-off points, with 

1)olomctric corrections [ 1,131 (‘. I e., using a distance from ZAHB fitting). This method is in- 

dependent of the interstellar reddening, the subjectivity of fitting isochroues to the observed 

GC sequence and the mixing length adopted in stellar modeling. It also suffers from the 

uncertainties mentioned in the introduction. 

III. THE HELIUM UNCERTAINTY 

The age turn-off luminosity relation of GCs has been shown by Iben and Renzini [13] to 

be 

log(S) = S.497 - l.SS(Y - 0.24) - 1.44(YHB - Y) - O.OSSlog 2 + 0.4lAiZI,R,R(bol), (1) 

where Y is the helium abundance of GCs, 2 is their metallicity, YHB is the helium abundance 

at the envelope of the HB stars, and AM;g(bol) is the bolometric magnitude difference 

between the RR Lyrae stars and the turn-off point. The coefficients in the equation have 

been refined over the years, but no significant changes have been made. 

YHB - Y is estimated to be 0.01-0.02 [13]. Th ere ore f a strong dependence of the age on 

the helium abundance Y is manifest in eq. (1). The Y in GCs cannot be directly measured 

because the helium line strength is weak at the temperature involved. Instead Y is indirectly 

inferred from comparisons between stellar models and observations. One way is to compare 

the observed color and period of stars at the blue edge of the instability strip with the 

helium dependent temperature and pulsation period relation found in stellar models. This 

method yields 0.20< Y < 0.30 [13,14]. H owever, as mentioned above, the temperature of 

stars cannot be confidantly inferred from their observed colors due to the uncertainty in the 

interstellar reddening and stellar modelling. 

The latest efforts compare the measured ratio of the number of stars on the horizontal 

branch to the number of stars with higher luminosities on the red giant bra.nch with that 
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predicted by stellx models [15-171. These efforts yield Y values for individual clusters that 

sca.tter between 0.20 and 0.130: wit,h a.11 avera.ge of 0.24 a.nd a spread of 10.02. However: this 

method may suffer from uncertaint,ics in treating the semi-convection and mass loss, both of 

which affect the life-time of the HB phase [ lS]. A recent comparison between the morphology 

of the horizontal branch in 47 Tut and stellar models also suggested 0.2< Y < 0.3 [19]. So 

far, all calculations constrain the helium abundances in GCs to be less than 0.30. 

A maximal helium abundance of 0.30 in GCs seems also to be consistent with that 

inferred from luminosities of the HB stars. It is well known that the bolometric magnitude 

of RR Lyrae stars, MRR(bol), is sensitive to YHB at their envelopes [13]: 

MRR( bol) = 0.943 - 3.5(YHB - 0.30) + 0.183 log 2. 

Current calibrations of the visual magnitude of RR Lyrae stars yield a 0.2-0.3 magnitude 

spread for different methods, and an uncertainty of 0.2 magnitude within each method 

[20,21]. Therefore, an uncertainty of 0.06 in YHB (or equivalently Y since YHB - Y w 0.01) 

is marginally tolerable by determinations of luminosities of the horizontal branch. In other 

words, Y can be as high as 0.30 for individual clusters, given a primordial value of 0.24. It 

should be noted that the observation of RR Lyrae stars in the disk of the galaxy may not 

serve a valid constraint on YHB in globular clusters. 

It is conventionally assumed that Y = 0.24 (as in ref. [I]) or 0.235 (as in ref. [7]) in GCs, 

in agreement with the observed primordial helium abundance Y = 0.235 f 0.01 [22] and 

the prediction of Big Bang Nucleosynthesis [a]. However, as discussed above, a higher Y is 

allowed, that can significantly reduce the age estimate of GCs. For example, a Y of 0.3 will 

reduce the age by as much as 30% with respect to a Y of 0.24, according to eq. (1). 

Determining the age of GCs with the isochrone fitting method has a similar Y sensitivity 

as in eq. (1) if a distance modulus from ZAHB fitting is used. If a distance from ZAIW 

fitting is used in the isochrone fitting, the effect of a higher Y in GCs on their age is not easy 

to quantify. Figure 2 shows 10 Gyr and 11 Gyr isochrones with Y = 0.30 aad 2 = 0.0002, 

compared wit,11 isochrones of 12 Gyr, l-1 Gyr and 16 Gyr with Y = 0.24 and the same 2. The 
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figure also shows the 11 Gyr Y = 0.30 isochrone shifted by A(B - V)=O.O5 and AM(bo1) 

=O.lS magnitude. Therefore, if \\rtl use the ma.gnitucle of ZAMS as a dist,allce indicator, a 11 

Gyr 1. = 0.30 isochrone may rese[ublc a lLl C+.yr I,- = 0.24 isochrone a.t the main sequence 

a.nd the subgiant branch, if a reddening of 0.05 is added. The mismatch at the red giant 

branch may be ea.sily remedied by a modest acljustment of the mixing length as seen from 

Fig. 1. 

A helium abundance higher than the primordial value in GCs is possible to achieve 

under certain scenarios. The simplest scenario is the enrichment by the first generation 

supernovae (SNe) of GCs [23]. &I easurements of low metallicity HI1 regions in irregular 

galaxies and extrogala,ctic HI1 regions showed that their helium abundance Y correlates 

with their oxygen abundance 0 by Y = 0.24 + 1300 (i.e., clY/dZ = 5) [22,24]. For GCs 

with [Fe/H]=-1, their oxygen abundances are about l/3 of the solar value [5], i.e., 0 z 

2 x lo-“. If GCs follow the same helium-oxygen correlation as those low metallicity HI1 

regions, then Y M 0.27, which is significantly above the primordial value. Of course, it 

is debatable whether GCs follow the same Y-O relation as low metallicity HI1 regions, 

although both of them have low metallicities compared with the solar value. The sun, on 

the other hand, has Y = 0.25 and 0 = 6 x lo-“, which would require a different relation 

Y = 0.24 + 700 ( i.e., dY/& = 3). Th ere ore, f solar-type disk stars must have had quite a 

different chemical history from low metallicity gases, like those of GCs and HI1 regions. It 

is worth noting that VandenBerg, Bolte and Stetson [25] found a 2-3 Gyr age spread among 

GCs with [Fe/H]> -1.6 and no significant age spread among GCs with [Fe/H]< -1.6. If 

an enhancement in the helium abundance correlates with an increase of metallicity in GCs, 

as suggested above, the age spread among metal-rich GCs may be easily at least in part 

explained by different enhancements of the helium abundance in different clusters. 

Exotic models, like Pop III stars [26,27], may enrich helium but not heavier elements. 

It is calculated that if the oxygen cores of these Pop III stars are larger than - lOOMa, 

the cores will colla.pse completely into blackholes without ejecting heavy elements. However, 

processed helium in Pop III sta.rs can be deposited into the interstellar medium through mass 
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loss and mixing of Pop III stars. The maximal amount of helium enrichment is AY = 0.17 

for an initial helium a.bunclance of 0.24, if all gases are processed once in Pop III sta.rs. 

Therefore, in order to enha.nce the helium abundance in a 10"ME cloud from 0.24 t,o about 

0.30, at least :3 x 105iz/I,3 gas has to be turned into Pop III stars. This requires quite a 

different mass function from the fl/l” power law with cy = -2.35 observed today [2S]. For 

the metallicity of the cloud is low, the required mass function must have Q > -0.5, so that 

there a.re no more than - 100 SNe in a 106Mo cloud. 

An enhancement of the helium abundance may also arise during the formation of globular 

clusters. For example, the difference in the first, ionization energy between the hydrogen and 

the helium (13.GeV vs. 24.GeV) enables the helium to recombine earlier than the hydrogen, 

and hence prone to earlier collapses. 

One class of model for forming globular clusters, based on Peebles & Dicke [29], argues 

that GCs form from primordial baryon density fluctuations after recombination, which have 

a Jeans mass similar to the mass of typical GCs, 106Ma. According to the standard recom- 

bination picture of the universe, hydrogen recombined at 2’ - 3OOOK (redshift z - 1000) 

[30] while helium recombined at T N 104K or z - 3000 (inferred from Fig. 5 of ref. [31]). 

In the period after helium recombination and before hydrogen recombination, the helium 

falls quickly into the potential well of dark matter, following the density fluctuation of dark 

matter [32]. As hydrogen recombines, the density fluctuations in the hydrogen and the 

helium begin to grow jointly. The overdensed region, however, already has an enhanced 

helium abundance from the in-fall of helium early on. Assuming the density fluctuation in 

dark matter at z - 1000 to be &p/p and the primordial helium abundance Yp = 0.24, the 

enhanced helium abundance in the overdense region at z 5 1000 is 

y = w + b/P) 
w + b/P) + 1 - ql M 0.24(1 + 0.7&Q/p). (3) 

To enhance the helium a.bunda.nce to Y = 0.30 on the 106h/lo scale requires a Sp/p - l/3 

on this scale, which means &p/p on the 10GLW6 scale,will become nonlinear at a z of several 

hundred. This ca.nnot) 1~: rea.lizecl in the standard cold da.rk matter (CDM) model, where 
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structures at this scale become non-linear at z 5 c3(10) [32], b u may be possible in models t 

where primordia.1 seeds such a.s topological c1efect.s provide nonlinear fluct,uations on sma.11 

sca.les [33-351. A 5p/p of l/3 at ; - 1000 !vil,li -lO”M,, scales \vill certainly distort the 

cosmic microwave background radiation (CMBR) and produce non-gaussia.n fluctuations at 

the arcsecond angular scale in CMBR.. Potentially conflicting CMBR anisotropies reported 

on the 0.5 to 3” a.ngular scales a.re interpreted by some a.s possibly being indicative of non- 

gaussian fluctuations [36-381. 

Another class of models, based on that of Fall and Rees [39], argues that GCs form out 

of cold clouds with - 106Ma in proto-galaxies [40]. A higher helium content may then arise 

if Pop II stars form in the shock waves from the first generation supernovae in the cloud 

[41]. The temperature of these clouds is typically 104K due to sharp drop in the cooling 

function of the gas cloud at lO*K [31]. At this temperature hydrogen is partially ionized and 

interacts with the radiation fields in the cloud, but helium remains neutral. The sound speed 

in helium, CHe, is then - 10 km/seq while the sound speed in hydrogen, CH, is much larger. 

(The reason for different sound speeds is that perturbations in hydrogen can propagate much’ 

faster by interactions between hydrogen and photons, while perturbations in helium have to 

propagate at least initially through interactions between helium atoms and ambient atoms 

or charged particles.) When the velocity of a shock wave drops below cH, the shock no 

longer compresses hydrogen in the cloud medium into the shock front but continues to do so 

with helium. Therefore stars formed from the compressed gas at the shock front will have a 

higher helium abundance than the primordial value. 

To have all the gas in the 106Mo cloud swept by a -lOkm/sec shock, the energy output 

of SNe has to be 0.5(106&)cHe2 z 105’ ergs without considering energy losses of the shock, 

which is the kinetic energy output. of one SN. If we consider the radiation and ionization losses 

of the shock, the energy output of SNe has to be a.t lea.st 10 times larger, or 2 1052ergs [23]. 

By requiring the shock to sweep through the cloud within IO’yrs, the formation timescale 

of - 1M,3 stars! we need a SN rate of 2 lo-” yr-l per lO”M~~,, which is roughly in line 

with the SN rate required to generate a metallicit\. of lO-‘-1O-L%,,, iu GCs [23], and is also 
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consistent with the order of magnitude estimate of SN rates (- 10m2 per year per ga.lasy) 

i nferted from tile qua.sa.r absorption line s.ystems [--121. 

The propa.gation of the shock front is illust,ratecl in l;igure 3. After the speed of the 

shock drops below cH, the helium abundance in the compressed shell of the sllock front, is 

Yp 1Kh 
l’- = (1 - <,)M,,,S/I $ &h/l), (4) 

where AJsh is the mass swept by the shock, Mtot is the total mass of the cloud, and 1; (= 0.24) 

is the helium abundance before the shock. S is the thickness of the shock front and E is the 

thickness of cloud after being caved by the shock wave. If the SNe rate 2 10v6 yr-’ per 

cloud, the shock wave can propagate through the entire cloud at a speed larger than c&. 

Then f&, - lvt.Ot. If 1 >> S, i.e., the density inside the shell is much larger than the density 

outside, Y can be significantly larger than Y,. 

We have briefly discussed several scenarios to enhance the helium abundance in GCs. 

There may be other possible scenarios, such as a magnetic field, that may also segregate 

charged gas from neutral gas. If those scenarios operate only in GCs, they will not have 

a direct effect on HI1 regions where the primordial helium abundance is measured. The 

small amount of helium-enriched gas from disrupted GCs can only contaminate interstellar 

medium modestly. Helium-enriched stars from disrupted GCs may also constitute only a 

small population of halo stars. Once again, a spread in Y after these helium enhancement 

processes may be a candidate to account at least in part for the spread in age estimates for 

different GCs which assume a universal Y. 

IV. THE UNCERTAINTY IN MASS LOSS 

Mass loss has been proposed to explain the lithium depletion in F type Pop I stars 

with surface temperatures of 66OO~t20OK and were motivated by the coinciclencc of their 

lo&ions with an estrxpolation of the instability strip down to the main sequence 1431. The 

same mechanism may a.lso operat,e in some Pop II stars which are ohervecl to have lithilml 



depletion. ‘Tl le position of the instability strip on Pop II main sequence is quite uncertain. 

By a. simple estrapola?tion from Pop I stars? the Icmpera.ture r.ni~ge of the iiista.bility strip 

is in the vicinity of the turn-ofl’ tempera.ture of GCs [34]. Tl le narrowness of the observed 

lithium dip constrains any proposed mass loss to a restricted temperature range between 

6500K and 6700K. 

The temperatures of GC stars increase until they eventually turn off a.nd evolve to the 

giant branch. Without mass loss, stars spend about 90% of their lifetime getting to the 

turn-off, and about 10% following the turn-off. When mass loss occurs at the temperature 

of the turn-off, the small reduction in mass causes the model to redden earlier. The turn-off 

is then seen to be at a lower luminosity, and stars appear to spend an increased fraction of 

their life beyond the turn-off. This results in bump on the luminosity function. This bump, 

in fact, further constrains the magnitude of mass loss that is possible. The GCs will then 

appear older due to their lower turn-off luminosities according to eq. (1) [44,45]. A narrow 

instability strip does not affect the lower main sequence and so avoids the arguments against 

large-scale mass loss through out the entire lower main sequence [43]. 

The mass loss rate needed to explain the lithium depletion in Pop II stars is about 

lo-“Ma yr-‘, which is far too small to be detected directly. It may, however, have detectable 

impacts on the luminorsity function of GCs [46] d ue to above mentioned bump in the 

luminosity function. Therefore, globular cluster observations utilizing high-sensitivity CCD 

photometry may provide a definitive test of the mass loss hypothesis. Observations of low 

metallicity blue stragglers, on the other hand, seems to indicate the instability stripe is bluer 

than the turn-off point of GCs with similar metallicities [47]. However, blue stragglers may 

be too pathological to draw conclusions on the main sequence of GCs. 

Dearborn and Schramm [44] h ave calculated the effect of a mass loss rate - lo-“Ma 

p-l in the temperature range of 6500 & 2OOK and 6600 f 200 K on the evolution of GCs. 

Such assumptions result in GCs of 11 Gyr to 13 Gyr old looking 2- 3 Gyr older. 

To combine the mass loss with a higher helium abundance, we construct isochrones based 

on Dearborn’s stellar code with a gaussian mass loss rate 
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Mass Loss Rate = lo-“Moyr-’ esp [-( 

and J’- = 0.2s. Z is taken to be 0.0002 ([Fe/H]=-2.0) for the isochrones. Figure ~1 sho~vs 

such isochrones at 10 and 11 C?,yr old a.s well as standard isochrones without mass loss and 

with Y = 0.24 at 14 Gyr, 16 Gyr and IS Gyr old. Again, the 11 Gyr isochrone with mass loss 

and a higher helium shifted by A(B - I/)=0.04 and An/l(bol)=0.14 may resemble standard 

isochrones at - 16 Gyr. Quantitatively, the age-AMTz(bol) re a ion for these non-standard 1 t 

isochrones is well approximated by 

log (z) = 15.41 - 3.45AM;;(bol) + 0.546[AM,R,R(bol)]“. 

For [Fe/H]= -2 clusters such as M30, M6S, M92 and NGC6397, age estimates from eq. 

(6) will be 2-3 Gy r 1 ower than the estimates of Sandage using standard assumptions [l], as 

shown in Table 1. 

V. SUMMARY 

As seen above, either a higher helium abundance of I’ M 0.28 and/or a mass loss rate of 

N lO-l’M@ yr-’ at temperatures around 6500-6600 K will significantly lower the age of GCs 

by 2-3 Gyr. Therefore the currently quoted age estimate of 14f2 Gyr is potentially subject 

to systematic shifts and its uncertainties are model dependent and not well represenied by 

the quoted error. A GC age of 10 Gyr is not out of reach considering the aforementioned 

uncertainties, and is entirely consistent with the age of the beginning of nucieosynthesis of 

heavy elements (i.e., SNe events) measured by radioactive dating that gives a lower limit of 

10 Gyr [48,49]. It is also consistent with the age of the disk, lOf2 Gyr, measured from the 
. 

cooling of white dwarfs [50], provided that the disk collapsed from the halo within 1 or 2 

Gyr. 

A GC age lower than 10 Gyr, however, is still untenable even with a combination of a 

reasonably high I; and a reasonable mass loss rate, unless Y > 0.30 is allowed, which would 

conflict with indirect measurements of Y in GCs. 
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Better determinations of the helium abundance in GCs and the mass loss hypothesis 

ncetl improved observa.tions of GCs and understandin g of stellar physics. 111 particular, the 

determination oi’ the luminosity functions of GCs through observation and the impro\.ecl 

moclelling of the horizontal branch a,ncl red giant bra.nch stars are essent,ia.l. 

If GCs are indeed 10 Gyrs old: the current constra,ints on cosmological parameters will 

be significantly relaxed. For a baryonic universe where 0 5 Q < 1, the Hubble constant 

can be as high as 90 km/sec/Mpc; for R > 0.3, H 2 72km/sec/Mpc; if R = 1, H < 

GOkm/sec/Mpc. Obviously, if the mea.surements of the Hubble constant eventually converge, 

it will put constraints on 0 in a A = 0 Friedman-Robertson-Walker universe and improve 

our understanding of the age of globular clusters. 
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TABLE I. The age estimates from eq. (6) with a higher helium abundaace and mass loss vs. 

the a.ge estimates of Sandage [l] for four globular clusters wi1.11 [l?e/lI]z -2. 

Globular Clusters 

1430 

[Fe/l-l] 

-2.13 

Ages from l::q. (6) 

11.5 Gyr 

Ages from Sandage [l] 

13.7 Gyr 

M68 -2.09 10 GUI 12.1 Gyr 

M92 -2.24 13 Gy1 15.2 Gyr 

NGC 6397 -1.91 13 Gyr 15.4 Gyr 



Figure Captions 

Figure 1. Two isochrones with simi1a.r pxameters hut different mixing lengt,hs. ‘The clasbecl 

line: a = 1..50; the solid line: LX = 1.69. 

Figure 2. Isochrones with and without an enha.ncement of the helium abundance in GCs. 

The solid lines: 12 Gyr, 14 Gyr and 16 Gyr isochrones with Y = 0.24 and 2 = 0.0002; 

the long-dashed lines: 10 Gyr and 11 Gyr isochrones with Y = 0.30 a.nd the same 2; the 

short-dashed line: the 11 Gyr Y = 0.30 isochrone shifted by A(B - V)=O.OS and AM(bo1) 

=O. 1s magnitude. 

Figure 3. The propagation of a SN shock front inside a 106Mo cloud. 

Figure 4. Isochrones with and without a higher helium abundance and mass loss. The solid 

lines: 14 Gyr, 16 Gyr and 1s Gyr isochrones with Y = 0.24 and no mass loss; the long- 

dashed lines: 10 and 11 Gyr isochrones with Y = 0.2s and a mass loss rate that satisfies 

eq. (5); the short-dashed line: the 11 Gyr isochrone with Y = 0.25 and mass loss shifted by 

A(B - V)=O.O4 and AM(bol)=0.14. 
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